regions of a given tumour show both similarities and differences. Genetic mutations that occur early in tumour development are usually present in all tumour cells (clonal alterations), whereas mutations arising later occur in only a subset of cells (subclonal alterations). Analysis of the mutations in different tumour regions enabled Jamal-Hanjani and colleagues to infer the pattern of tumour genetic evolution and to construct phylogenetic trees showing the relationships between mutations (Fig. 1) . From these trees, Abbosh et al. could identify an individual's clonal and subclonal SNVs and use this information to design liquid biopsies to check for cancer relapse. To improve the detection sensitivity of this technique, SNVs were analysed using a sequencing approach involving a technique called multiplex polymerase chain reaction, in which more than one SNV can be detected during sample analysis by liquid biopsy. The authors tested 10-22 NVs per person. The tumour SNVs detected mainly corresponded to early clonal SNVs, and the majority of the patients whose liquid biopsies contained clonal SNVs also had subclonal SNVs. This work provides an impressive level of insight into lung-cancer evolution, and is pioneering on several levels. Of the 100 individuals enrolled in the TRACERx study, Abbosh and colleagues followed 24 after their surgery, using both regular imaging surveillance and ctDNA testing of 12-30 SNVs. The median interval between identification of tumour-associated SNVs in post-operative liquid-biopsy analysis and the subsequent confirmation of relapse by computed tomography (CT) scans was 70 days. Although ctDNA analysis has previously enabled relapse to be predicted in breast and colorectal cancers [6] [7] [8] , Abbosh and colleagues' work was achieved through blinded, prospective analysis in a highly challenging setting. This context of early-stage disease, in which ctDNA levels are known to be extremely low, makes their findings particularly remarkable.
Results from the phylogenetic trees used for ctDNA analysis, or from additional analysis of tissue samples from individual patients, provided information that could potentially be acted on. For example, samples obtained from one patient who had relapsed were dominated by a subclone carrying an amplification of the ERRB2 gene, a cancer-promoting alteration that can be targeted with existing drugs. Furthermore, the authors found that when patients received chemo therapy, liquid-biopsy testing for tumour SNVs in ctDNA provided an indication of whether the treatment was successful. The potential to predict relapse at an early stage or to gain insights into which alterations are increasing in frequency suggest that ctDNA analysis can potentially anticipate cancer's next move, in a similar way to how an experienced chess player can often predict their opponent's next gambit.
This approach also helps in understanding how cancer heterogeneity can drive disease progression. For example, Abbosh and colleagues report the post-mortem analysis of one individual. A detailed profile of the patient's tumour recurrences and the SNVs associated with their relapse provided information on which subclones gave rise to metastatic tumours, and offered useful spatial and temporal insights into how the cancer evolved during treatment.
Another important finding by Abbosh and colleagues was that a higher frequency of mutant SNVs present in ctDNA (known as the variant allele frequency, or VAF) was associated with a higher tumour volume as determined from CT scans. A VAF value of 0.1% was correlated with a tumour volume that the authors calculated contains approximately 300 million cells. Applying this parameter might help investigators performing similar extrapolations to assess tumour size in future liquid-biopsy studies of lung or other tumour types.
Although this study demonstrates the power of liquid biopsies to track cancer over time, the approach is technically challenging, cumbersome and requires costly patient-specific assays. It is therefore not feasible for use in routine clinical practice at present. However, as sequencing costs continue to decrease, this could change, and such precision-medical treatment might become an everyday reality. 
Quasars signpost massive galaxies
The neighbourhoods of extremely bright astronomical objects called quasars in the early Universe have been incompletely probed. Observations suggest that these regions harbour some of the most massive known galaxies. See Letter p.457
uasars are the brightest non-transient emitters of light in the Universe. These remarkable objects have been discovered to exist as early as 750 million years after the Big Bang 1,2 and are thought to be powered by black holes that are at least a billion times more massive than the Sun 3, 4 . Since the discovery of such quasars in the early Universe, major questions have persisted regarding how these extreme objects formed in such a relatively short time. On page 457, Decarli et al. 5 report the discovery of four massive star-forming galaxies around distant quasars. The results improve our understanding of the formation of quasars, and provide astronomers with a potentially power ful approach to studying the most massive galaxies in the early Universe.
The black holes that power quasars probably started their lives in miniature and grew exponentially by accretion 6 -whereby matter close to a black hole cannot escape the strong gravitational field and is ultimately pulled into the black hole. To have assembled such a huge mass so quickly, the bright quasars discovered in the early Universe 1,2 are thought to have resided in regions that had a particularly high density of matter 6 . Such an environment not only would have fuelled the rapid growth of the black holes powering these quasars, but also would have spurred the growth of galaxies in the quasars' immediate vicinity.
The turnover of endogenous protein is known to be of great importance in the differentiation of micro-organisms. For one thing, it can provide raw material for the synthesis of enzymes and other proteins that will allow growth to continue in a changed environment … Recent results obtained by N. S. Willets… have added significantly to understanding of the mechanism of protein turnover … The elucidation … offers intriguing possibilities for future experimentation, and will be vital to a fuller understanding of processes of differentiation in living cells. From Nature 27 May 1967
Years Ago
What is Instinct? Some Thoughts on Telepathy and Subconsciousness in Animals. By C. Bingley NewlandMr Newland, as sportsman and field naturalist … has ventured on a line of interpretation where verification is impossible. His study of adaptive behaviour has led him to the conclusion that "the marvellous precision and fitness of these actions can only be attributed to Omniscience manifesting in the creature. " … he tells us that "the creatures involved make no tentative experiments, but the perception of how and when to act comes to them subconsciously. " But it is not exactly their own subconscious mind that operates; it is a "subconscious principle directly transmitted from the 'mainspring' -All-Mind. " The life-principle (soul) of the insect or other members of the animal world is a centre of subconsciousness, temporarily set apart, but ever "in touch" with the All-Conscious. Hence their infallibility! Mr Newland is altogether too metaphysical. From Nature 24 May 1917 Figure 1 | A distant quasar and its companion galaxy. Quasars are extremely bright astronomical objects, thought to be powered by black holes that are at least a billion times more massive than the Sun. Decarli et al. 5 have discovered four massive star-forming galaxies in the neighbourhoods of quasars in the early Universe. Shown here is an image of one of the galaxies in the vicinity of the quasar PJ231-20 (the centres of the two objects are denoted by crosses). The authors looked for a particular spectral-line emission associated with singly ionized carbon that is particularly prominent in spectra of massive star-forming galaxies in the early Universe. The colour scale indicates the strength of this emission from low (dark red) to high (yellow). The black contours are isophotes, which join points of equal light intensity. Scale bar, 10 kiloparsecs.
Galaxy Quasar
There have been many attempts to test this general model for early-quasar growth by looking for galaxies around luminous quasars in the early Universe. However, such efforts have been either limited by the poor spatial (line-of-sight) resolution of standard search methods for distant galaxies [7] [8] [9] [10] [11] , or restricted by techniques that are sensitive to only low-mass galaxies around quasars 12, 13 . These studies have provided support for the idea that luminous quasars formed in high-density environments of the Universe, but the evidence has not been overwhelming 14 . The Atacama Large Millimeter/submillimeter Array (ALMA) observatory in Chile has provided astronomers with a powerful tool with which to search for spectral-line emission from massive star-forming galaxies in the immediate vicinity of bright quasars. ALMA can achieve this feat because of its immense radiationcollecting area and design as an interferometer -an array of antennas that are linked to combine astronomical observations. The latter allows ALMA to obtain an emission spectrum at every position in space over its 25-arcsecond field of view (about 1.5% of the full Moon's angular diameter).
Decarli et al. used the unique capabilities of ALMA to observe 25 luminous quasars that existed less than 900 million years after the Big Bang -at redshifts larger than 6 (the higher the redshift of a cosmological object, the younger the Universe was when the object emitted its light). They then carried out a blind search for additional sources in the same volume of space as a quasar, with a separation of less than 70 kiloparsecs in the plane of the sky and 2 megaparsecs along Earth's line of sight.
The authors targeted an emission line associated with singly ionized carbon that is particularly prominent in spectra of the interstellar medium of galaxies in the present-day Universe and of massive star-forming galaxies in the early Universe 15, 16 . In addition to finding strong emission from the studied quasars, Decarli et al. discovered four bright lineemitting sources in the same observations (Fig. 1) . The authors justifiably interpreted these sources as massive star-forming galaxies.
Decarli and colleagues' identification of bright galaxies in the vicinity of distant quasars is important for at least two reasons. First, it provides definitive and convincing evidence that luminous high-redshift quasars formed in particularly dense environments, and gives us a concrete and salient answer to how rich these environments are in massive galaxies. By probing luminous quasars at redshifts greater than Second, on the basis of a blind search around bright quasars, the authors have detected what are likely to be three of the most massive starforming galaxies discovered so far at redshifts larger than 6. Remarkably, their efforts seem to have outstripped dedicated searches for such galaxies that have much larger fields of view (several times the full Moon's angular diameter) 16, 19 . The authors' galaxies have high luminosities and lack contaminating light from their neighbouring quasars, potentially allowing a detailed characterization of galaxies in the early Universe to be made.
The discovered sources seem certain to be targets for ALMA, the James Webb Space Telescope and other facilities in the immediate future. Such follow-up observations are needed to make sense of the full scope of Decarli and colleagues' findings, because our understanding of the sources' properties is limited by the current data. Nevertheless, the authors have presented an extremely valuable pathfinding study that could bring about a fundamental change not only in our probing of the regions surrounding bright high-redshift quasars, but also in how astronomers look for the most massive galaxies in the early Universe. ■ 
Rychard Bouwens is at the Leiden
is the staple food for more than half the world's human population 1 . However, rice harvests can be threatened by diseases such as bacterial blight, caused by Xanthomonas oryzae, and rice blast, caused by the fungus Magnaporthe oryzae, with the latter responsible for the loss of approximately 30% of annual global rice production 2 . One way to address this problem is to try to bolster the immune system of rice to lessen its susceptibility to pathogens. In two papers on pages 487 and 491, respectively, Xu et al. reveal how plants regulate an immunity-enhancing gene 3 , and how, using this knowledge, the authors successfully engineered a variety of rice 4 that might offer better food security than current varieties.
Plants have an innate immune system that can recognize 'non-self ' molecules known as microbe-associated molecular patterns (MAMPs). This recognition process results in the activation of immune-regulator proteins and leads to cellular reprogramming that produces antimicrobial responses. Could immune-regulator genes be used to enhance plant innate immunity? It has proved challenging to engineer a plant that has a strengthened immune response without producing other, undesired effects. A key reason for this is that a defence response is costly.
Immune genes engineered to be constantly expressed typically limit fitness by negatively affecting plant growth and reproduction 5 . Therefore, an improved understanding of immune-response regulation might enable greater success in the engineering of immune regulators in crops.
Immune-related genes are highly regulated through mechanisms, including epigenetic changes that affect the DNA-protein complex called chromatin 6 , and transcriptional regulation of gene expression 7, 8 . Previous reports have hinted at the possibility of selective turnover 7 of messenger RNA, or translational control 9 of the synthesis of immune-related proteins from mRNAs. Earlier studies of the thale cress plant Arabidopsis thaliana revealed that the transcription-factor protein TBF1, an immune regulator, is under not only transcriptional control, but also translational control mediated by the 5ʹ region at the beginning of 3,4 investigated how the immune system of rice (Oryza sativa) could be enhanced. a, Previous work 5 had indicated that constant expression of immune regulator proteins stunts plant growth. Xu and colleagues engineered rice to contain a version of the Arabidopsis thaliana immune-regulator gene NPR1 under the control of the 35S promoter sequence to drive expression of messenger RNA containing a 5ʹ leader region and the sequence that encodes NPR1 (red). The plants had constitutive transcription of NPR1 and constitutive translation of the protein by the ribosome protein-synthesis machinery. These plants had stunted growth in the presence or absence of pathogens. b, The authors engineered a version of NPR1 under the control of a 'TBF1 cassette' that contained the A thaliana TBF1 promoter and 5ʹ leader, which included an R-motif that binds the protein PAB, and two upstream open reading frames (uORF1 and uORF2) that both encode short peptides. This rice variety was not stunted. On the basis of research in A. thaliana, it is thought that, in the absence of pathogens, ribosomes mainly bind the uORF sequences, and synthesis of the immune-regulator protein is limited. There is high NPR1 synthesis in the presence of a pathogen. It is possible that phosphorylation (P) of PAB is regulated by pathogen perception and might have a role in this pathogen-dependent translational switch. the mRNA sequence 10 . Detection of a MAMP called elf18 (a peptide from the bacterial protein translation elongation factor Tu) reverses this translational control, leading to increased synthesis of TBF1 and enhanced immunity 10 . Xu and colleagues provide insight into how features of the 5ʹ region of the TBF1 mRNA mediate its translational control. In this region, there are two previously identified 10 short upstream open reading frames (uORFs), sequences that encode short peptides and precede the start of the open reading frame (ORF) that encodes TBF1. The authors identified another feature of interest in this 5ʹ region -a short adenine-rich nucleotide sequence located just before the two uORFs (Fig. 1 ). Adenine is a nucleotide known as a purine, and because purines are often designated by the letter 'R' , the authors named this sequence the R-motif. They found that, in the absence of pathogen challenge, the uORFs strongly inhibit the ability of the ribosome
